Abstract: Silica sand or quartz sand is a mineral resource with a wide variety of application; glass industry, construction and foundry are the most common examples thereof. The Republic of Croatia has reserves of 40 million tons of silica sand and a long tradition of surface mining and processing. The average annual production of raw silica sand in Croatia in the period from 2006 to 2011 amounted to 150 thousand tons. This paper presents cradle to gate LCA results of three different types of beneficiation techniques: electrostatic separation; flotation; gravity concentration. The aim of this research is to identify and quantify the environmental impacts of the silica sand production, to learn the range of the impacts for different processing methods, as well as to identify the major contributors and focus for further process design development.
Introduction
The research was performed from 2009 to 2012 as the final part of the project "Beneficiation of silica sand and environmental impact assessment" [1] . The objective of the analysis refers to general research of environmental impacts in production of silica sand used in glass container manufacture. The results of this LCA are neither intended nor shall be used for decision making or comparative assertions. The aim of the research presented herein was to identify and quantify the environmental impacts of the silica sand production, to learn the range of the impacts for different processing methods, as well as to identify the major contributors and focus on further process design development.
Silica sand or quartz sand is a mineral resource with a wide variety of application; glass industry, construction and foundry are the most common example thereof. The Republic of Croatia has reserves of 40 million tons of silica sand and long tradition of surface mining and processing. The average annual production of raw silica sand in Croatia in the period from 1997 to 2011 [2] amount to about 150 thousand tons.
Raw silica sand deposits are excavated in open pit mines. The method includes topsoil removal and sand excavation. Topsoil is normally made of soil and gangue minerals such as clay, feldspar, muscovite, heavy minerals and/or carbonates [3] . These minerals, depending on the origin of a deposit, are usually found in raw silica sand. In terms of exploitation of silica sand for industrial purposes, it is necessary to remove gangue minerals from excavated topsoil, which is done in a processing plant. The complexity of gangue mineral removal and the possibility to achieve a concentrate with a required chemical composition (95% or higher silica content) as well as the size and, in some cases, shape of grains are all factors which play a major role in deciding on the intended use of silica (glass or chemical industry, sandblasting, foundry, construction and civil engineering, filtration, agriculture, etc.) [4] .
Experimental Section
For the purpose of the research, eight alternatives to the glass grade silica sand production process are designed. The process designs are based on the project solutions of [5] [6] [7] and the environmental impact studies performed by [8, 9] . An equipment and machinery database is generated for the sake of the design and material flow analysis. The designed inputs and outputs in production processes are checked for consistency with current industry data (2012). The life cycle assessment is conducted using SimaPro software and the LCIA is performed using the ReCiPe Midpoint and Endpoint method (Hierachist/European average) [10] . The functional unit of the analysis is a ton of glass grade silica sand. All calculations are made based on an annual input of 150 000 t of raw silica sand. This assumption is taken from the actual mining project of the plant "Pješčara Jerovec" and because it corresponded to annual production in Croatia [2] .
The alternatives are named as follows: 1-Electrostatic/dry; 2-Basic/wet; 3-Basic/dry; 4-Flotation/wet; 5-Flotation/dry; 6-Gravity/wet; 7-Gravity/dry; 8-Simulation. During the research period (2009-2012), the glass-grade silica sand production in Croatia corresponded to alternatives 2-3 (basic processing by sizing and washing) and 6-7 (gravity concentration). Electrostatic separation was considered at the design level but has never been installed while flotation was abandoned because of plant destruction in the Homeland War (1991) (1992) (1993) (1994) (1995) .
What the analysed alternatives have in common is the mining and basic processing operation. The main assumptions for the first seven alternatives were as follows: surface mining using bulldozers; transportation from a mining site to the processing plant (3 km) by dumpers; then washing and sizing in the processing plant which included sieve washing, attrition scrubbing, hydro-cyclone classifying and dewatering (Figure 1 ). 
The alternatives are named as follows: 1-Electrostatic/dry; 2-Basic/wet; 3-Basic/dry; 4-Flotation/wet; 5-Flotation/dry; 6-Gravity/wet; 7-Gravity/dry; 8-Simulation. During the research period (2009) (2010) (2011) (2012) , the glass-grade silica sand production in Croatia corresponded to alternatives 2-3 (basic processing by sizing and washing) and 6-7 (gravity concentration). Electrostatic separation was considered at the design level but has never been installed while flotation was abandoned because of plant destruction in the Homeland War (1991) (1992) (1993) (1994) (1995) .
What the analysed alternatives have in common is the mining and basic processing operation. The main assumptions for the first seven alternatives were as follows: surface mining using bulldozers; transportation from a mining site to the processing plant (3 km) by dumpers; then washing and sizing in the processing plant which included sieve washing, attrition scrubbing, hydrocyclone classifying and dewatering ( Figure 1 ). The difference between the alternatives reflected in the concentration/separation operations that followed the basic (initial) processing: electrostatic and magnetic separation; flotation; gravity concentration ( Figures 2-4) . The difference between the alternatives reflected in the concentration/separation operations that followed the basic (initial) processing: electrostatic and magnetic separation; flotation; gravity concentration ( Figures 2-4) . Table 1 shows the structure of the analysed systems. Detailed calculations of the unit processes with respect to each subsystem are presented in the Supplementary 1. Table 1 shows the structure of the analysed systems. Detailed calculations of the unit processes with respect to each subsystem are presented in the Supplementary 1. Table 1 shows the structure of the analysed systems. Detailed calculations of the unit processes with respect to each subsystem are presented in the Supplementary 1. Table 1 shows the structure of the analysed systems. Detailed calculations of the unit processes with respect to each subsystem are presented in the Supplementary 1. 
8-Simulation
Sand, at mine (Ecoinvent data) By train 700 km *** * These unit processes are recalculated for the quantity of processed sand to load and dry after B2.15 and B3.4; ** Transport of the annually produced mass of the silica sand (water content 6%-wet, or 1%-dried) to the glass factory; *** Import of the equivalent mass of the silica sand (water content 1%-) to the glass factory.
Concerning assumptions on water consumption, there was an important difference between the flotation and gravity concentration alternative: with regard to flotation, it is assumed that the process water is collected and re-circulated whereas, considering the gravity concentration, water is taken from the river and returned into the river downstream after the sedimentation. The final assumptions depend on whether the product is sold wet and then dried in a glass factory or is dried and then transported to a glass factory. The alternatives marked "wet" included as follows: road transportation of wet silica sand (w = 6%) by lorry (truck) for a transporting distance of 100 km; drying in a glass plant using waste heat. The alternatives marked "dry" encompassed as follows: drying in a processing plant; road transportation of dried silica sand (w = 1%) by lorry for a transporting distance of 100 km. In the time of the research it was unclear whether the production would continue in the plant that was located about 50 km from the glass factory, or it would be relocated to the other exploitation site that was about 100 km distant. So, to be on the safe side, transport distance of the 100 km is assumed. The simulation alternative involved surface mining and mineral processing outside Croatia and sand import by train for a distance of 700 km which represented the import from the Czech Republic. This assumption is made using EcoInvent data based on data for sand production in Switzerland.
Results and Discussion

Results of Life Cycle Impact Assessment
The results of impact assessment are unveiled in Tables 2 and 3 as the values of 18 Midpoint indicators and three Endpoint indicators for each alternative.
Among the analysed alternatives, the following ones revealed the slightest impact: "8" (simulation based on Ecoinvent data); "2" (silica sand production from high quality raw sand utilizing simple processing techniques such as sizing and washing ); "3" (silica sand production from high quality raw sand utilizing simple processing techniques such as sizing and washing plus drying in a rotary drier); "6" (silica sand production utilizing processing techniques such as sizing, washing and gravity concentration); "4" (silica sand production utilizing processing techniques such as sizing, washing and froth flotation). An intermediate impact was attributed to alternatives "1" (silica sand production utilizing processing techniques such as sizing, washing, drying with grain surface conditioning using hydrofluoric acid, and electrostatic separation) and "7" (silica sand production utilizing processing techniques such as sizing, washing, gravity concentration and drying). A major impact was generated by alternative "5" (silica sand production utilizing processing techniques such as sizing, washing, flotation and drying). Utilization of fossil fuels and water intensified the impacts to a great extent. As shown, among the analysed beneficiation processes (alternatives 1-7), basic processing (sand washing and sizing) generated the smallest impacts. However, its application for glass-grade silica sand production is limited only to chemically very pure raw sand. The same counts for construction and foundry grade products. Depending on the quality of sand, attrition scrubbing is not always required. In such a case, and if raw sand contains a low percentage of dust particles, the sizing could be managed in a dry regime, which requires less energy and water, but does require more extensive dust control.
With more complex processing (electrostatic separation and flotation) implying prevention of emissions of chemicals into the environment, use of petrol based hydrocarbons (fuels and reagents) can be denoted as important environmental impact factors. This cradle-to-gate LCA of glass-grade silica sand indicated fossil fuel use as the major contributor to the impacts. The risk of at least one chemical incident in the lifetime of a plant should be taken into the account. Also, it is unclear whether the assumed recycling extent of process water and chemicals is really achievable or not. In the former case, the flotation technique would produce even the worst environmental impacts.
The applicability of gravity concentration depends on the quality of raw sand, particularly on the density difference between quartz and accompanying gangue minerals and on the process parameter setup which, according to plant engineers, can take much time and patience until the perfect setup is achieved. Gravity concentration definitely appears to be, from the environmental aspect, a technique worthy of discussion as to its further development. It remains to consider whether exploitation of river water and its return to the same watercourse about hundred meters downstream (after sedimentation) would produce worse environmental impacts than could be expected.
Transportation of naturally dried wet sand and drying it in a glass factory using waste heat resulted in a smaller impact as drying it in a processing plant and then transporting it into a glass factory; however, it would be illusory to expect favourable climate conditions throughout the whole year. The drying option based on fuel oil was probably the worst case scenario. Maybe it would be more beneficiary to use, for example, gas as an energy source, which the respective plant has lately been doing. As an improvement in this area, it might be advisable to consider "greener" sources of heat as well as design of a processing or dryer plant in cooperation with large waste heat producers.
Contribution Analysis
In analysed alternatives we can group all unit processes in four groups:
1. Petrol based (fuel and lubricants) 2. Electricity 3. Water 4. Chemicals In this part the contribution analysis is shown. The tables and details can be found in supplementary material (Appendices 2 and 3).
Production of the Raw Silica Sand in Croatia
The production of the raw silica sand is based on the work of the building machine (bull-dozer) and transportation of the excavated material by dumper truck. Both types of machines require diesel and lubricating oil. For the lighting of the excavation site, low voltage electricity is used. Analysing the contributions to calculated endpoint impact categories, fuel (and lubricants) are contributing to 99.9% of human health damage, 92.5% of damage to ecosystems and 99.9% to resource damage. Electricity use contributes to less than 0.1% damage in each category. Damage to ecosystems that follow from land occupation and use is 7.4%. However, this contribution can vary depending the size of the excavation site and area occupied by the mining company.
Obviously, any lowering of the diesel consumption in raw silica production would contribute to lowering the damage to human health, ecosystems and resources. The excavation and transportation calculated here use a cyclic regime of work in which part of the time machines are working "empty", returning from the dumping site or manoeuvring. It would be worthwhile to also analyse the continuous regime of excavation and transport.
The production of the raw silica in Croatia is included in alternatives 1-7 because all alternatives are analysed cradle to gate.
Alternative 1: Sizing and Washing without Drying
Alternative 1 includes raw silica sand production, transport from the excavation site to the plant, sizing and washing and transport of the material to the glass factory gate. Processes included are using fuel (petrol based), electricity and water. Contributions to endpoint category "human health" for sizing and washing without drying are 46.8% from petrol based processes, 5.5% from electricity use and 0.8% from water use. Contributions to ecosystems damage are 50.7% from petrol based processes, 5.0% from electricity use and 0.8% from water use. Contributions to resources damage are 52.7% from petrol based processes, 4.3% from electricity use and 0.6% from water use. In this alternative, previously described raw silica sand production makes the remaining 46.9%, 44.5% and 42.3% for the respective endpoint categories. Clearly, the petrol based processes such as material handling and transport from excavation site to the plant and from the plant to the factory gate are mainly contributing to impact categories.
Alternative 2: Sizing and Washing with Drying
Alternative 2 includes raw silica sand production, transport from the excavation site to the plant, sizing, washing, drying and transport of the material to the glass factory gate. Processes included are using fuel (petrol based), electricity and water. Contributions to endpoint category "human health" for sizing and washing without drying are 53.4% from petrol based processes, 4.7% from electricity use and 0.6% from water use. Contributions to ecosystems damage are 59.1% from petrol based processes, 4.0% from electricity use and 0.6% from water use. Contributions to resources damage are 51.6% from petrol based processes, 2.9% from electricity use and 0.4% from water use. The remaining 41.3%, 36.2% and 45.0% for the human health, ecosystems and resources respectively are contribution of the raw silica production.
Alternative 3: Electrostatic Separation
Alternative 3 includes raw silica sand production, sizing and washing which are already analysed in Alternative 1. Assuming that the quality of the washed sand is unfit for glass production due to excessive percentage of the feldspar and heavy minerals, beneficiation technique (electrostatic separation/concentration) is applied. Electrostatic concentration of quartz minerals includes pre-treatments such as drying, conditioning the minerals' surface with hydrofluoric fumes and air cleaning in absorption tower. The produced silica sand is transported to the glass factory.
Analysing the contribution of the applied concentration technique to the endpoint impact categories "human health", "ecosystems" and "resources", the petrol based processes contribute with 34.2%, 38.5% and 45.9%; electricity use 5.6%, 4.9% and 3.7%; and the chemicals use with 2.3%; 1.4% and 1.0% respectively. The remaining 57.9% in human health, 55.2% in ecosystems and 49.3% in resources category are following from the processes corresponding to Alternative 1 without transport.
Alternative 4: Flotation without Drying
Analysing the contribution of the flotation technique to the endpoint impact categories "human health", "ecosystems" and "resources", the petrol based processes contribute with 3.6%, 3.9% and 10.5%; electricity use 2.2%, 2.0% and 1.6%; water use 1.4%, 1.6% and 1.1%; and the chemicals use with 7.0%, 5.5% and 6.9% respectively. The remaining 85.7% in human health, 87.0% in ecosystems and 79.9% in resources category are following from the processes corresponding to Alternative 1 without transport.
Alternative 5: Flotation with Drying
Analysing the contribution of the flotation technique with drying to the endpoint impact categories "human health", "ecosystems" and "resources", the petrol based processes contribute with 31.8%, 35.6% and 43.9%; electricity use 2.0%, 1.7% and 1.3%; water use 1.0%, 1.0% and 0.7%; and the chemicals use with 4.9%, 3.7% and 4.3% respectively. The remaining 60.3% in human health, 58.0% in ecosystems and 50.0% in resources category are following from the processes corresponding to Alternative 1 without transport.
Alternative 6: Gravity Concentration without Drying
In this alternative it is assumed that the pulp (solid/fluid mix) is achieved in the washing stage so no additional water was required. Analysing the contribution of the gravity concentration technique to the endpoint impact categories "human health", "ecosystems" and "resources", the petrol based processes contribute with 29.7%, 32.9% and 32.4%; the electricity use 0.8%, 0.7% and 0.6% respectively. The remaining 59.5% in human health, 66.4% in ecosystems and 66.0% in resources category are following from the processes corresponding to Alternative 1 without transport.
Alternative 7: Gravity Concentration with Drying
In this alternative, it is assumed that the pulp (solid/fluid mix) is achieved in the washing stage so no additional water was required. Analysing the contribution of the gravity concentration technique to the endpoint impact categories "human health", 'ecosystems" and "resources", the petrol based processes contribute with 36.1%, 40.5% and 46.0%; the electricity use 1.2%, 1.0% and 0.8% respectively. The remaining 62.7% in human health, 58.5% in ecosystems and 53.3% in resources category are following from the processes corresponding to Alternative 1 without transport.
Alternative 8: Simulation
Alternative 8 includes the Ecoinvent Data for the production of sand in Switzerland and the data for train transport. Diesel use in train transport contributes with 93.8% to human health damage, 88% to ecosystems damage and 93.6% to resources damage. The remaining 6.2%, 12% and 6.4% in human health, ecosystems and resources damage category are following from the sand production. In sand production, petrol based processes contribute to respective endpoint categories with 80%, 40% and 82.3%; and the electricity use with 18%, 9.3% and 15.6%.
Conclusions
The presented results of LCA for Croatian glass-grade silica sand are applied to stress the importance of lowering the impact of silica sand at various production stages in various beneficiation processes and to give the recommendations for future process management and design.
Based on the endpoint results for the comparative analysis and the process contribution analysis shown herein, it is possible to conclude that the preference of the presented processing methods is: simulation of the import, basic processing (sizing and washing) without drying, gravity concentration without drying, basic processing with drying included, flotation without drying, electrostatic separation, gravity concentration with drying included and flotation with drying included. The impacts result mainly from the fossil fuel consumption, electricity consumption, use of the chemicals and water use. These are also the main areas to focus on in further process design. Fossil fuel based processes are recognized as the major contributing factor to all endpoint categories. Therefore, in the process development aimed at better environmental performances, it is highly recommended to focus on replacing petrol-based processes and lowering fossil fuel use.
